Introduction. Our aim was to identify antepartum risk factors for neonatal hypoxic ischemic encephalopathy, with a focus on maternal body mass index and height. Material and methods. National population-based cohort study of 692 428 live-born infants ≥36 gestational weeks in Sweden, 2009Sweden, -2015. Data from the Swedish Medical Birth Register and the Swedish Neonatal Quality Register were linked. Short maternal stature was defined as ≤155 cm, and overweight as body mass index ≥25 kg/m 2 . Therapeutic hypothermia served as surrogate marker of moderate to severe hypoxic ischemic encephalopathy. Associations between maternal and infant characteristics and hypoxic ischemic encephalopathy were calculated with logistic regression analyses, and risks were presented as odds ratios with 95% confidence intervals. Results. Moderate to severe hypoxic ischemic encephalopathy occurred in 0.67/1000 infants. Nulliparity, previous cesarean delivery, short stature, overweight, gestational age, occiput posterior presentation and birthweight were all independently associated with hypoxic ischemic encephalopathy. The risk of hypoxic ischemic encephalopathy increased with decreasing maternal height and increasing body mass index. Compared with non-short women (≥156 cm) with normal weight (body mass index <25 kg/m
Introduction
Hypoxic ischemic encephalopathy (HIE) is a syndrome affecting the central nervous system and presenting in term and near-term infants subjected to peripartum asphyxia (1, 2) . In population-based studies, the incidence of HIE ranges from 1.3 to 1.7 per 1000 live births (1, 3) .
Key Message
The combination of maternal short stature and overweight increased by threefold the risk of neonatal hypoxic ischemic encephalopathy. Nulliparity, previous cesarean delivery, short stature, overweight, gestational age, occiput posterior presentation and birthweight were all independent risk factors of hypoxic ischemic encephalopathy.
Based on the severity of clinical findings, HIE is classified as mild, moderate or severe (4) . For infants with mild HIE, outcomes are consistently positive, whereas infants with moderate to severe HIE can suffer serious consequences, including death, cerebral palsy, epilepsy and cognitive disability (1, 2) . For the last decade, therapeutic hypothermia has been available for infants diagnosed with moderate to severe HIE and has proven to reduce infant morbidity and mortality (2) . The indication for therapeutic hypothermia is based on standardized clinical diagnostic criteria; hence, hypothermia may serve as an appropriate surrogate variable for moderate to severe HIE (5) .
Identifying risk factors for HIE is important for understanding causal pathways and enabling preventive strategies. Some risk factors are probably universal, such as obstetric emergencies, whereas others may differ among populations and over time (1, 6) . Frequently cited epidemiological studies on risk factors for encephalopathy were published in the late 1990s (7) (8) (9) , but these findings may not be relevant today, considering the changes in clinical practice, characteristics of the pregnant population, diagnostic criteria and outcome measures.
The incidence of overweight and obesity is rising worldwide (10) . In Sweden, the proportion of overweight [body mass index (BMI) ≥ 25 kg/m 2 ] women in early pregnancy has increased from 26 to 38% during the period 1992-2010 (11) . A higher risk of birth asphyxia has been reported for infants born to overweight women (10) (11) (12) (13) . In a case-control study, where therapeutic hypothermia served as a surrogate for HIE, obesity (BMI ≥ 40 kg/ m 2 ) was associated with HIE (6) . Short maternal stature is also considered an obstetrical risk and higher incidence of cephalopelvic disproportion, labor dystocia and cesarean delivery have been reported, as have adverse neonatal outcomes, including low Apgar scores and asphyxia (11, (14) (15) (16) (17) . Data are conflicting in the few studies on encephalopathy that have addressed the impact of maternal height (7, 9) .
In a large, population-based cohort, we aimed to study antepartum risk factors, with focus on associations between maternal height and BMI, and moderate to severe neonatal HIE.
Material and methods
The cohort included 692 428 live-born infants, at gestational week 36 or beyond, without congenital malformations or chromosomal abnormalities, from January 2009 through December 2015, in Sweden.
We linked information about maternal, pregnancy and delivery characteristics from the Swedish Medical Birth Register (MBR) with information on therapeutic hypothermia from the Swedish Neonatal Quality Register (SNQ). The linkage between the MBR and SNQ was possible using the individual's national identification number, assigned to each Swedish resident at birth (18) .
Founded in 1973, the MBR contains prospectively collected high-quality data on >98% of all births in Sweden (19) . Data are collected using standardized forms for antenatal, obstetric and neonatal care. The MBR also includes diagnostic codes according to the International Classification of Diseases (ICD), which are registered by the responsible physician at the time of delivery. Data are forwarded to the MBR after delivery.
The SNQ contains data on all newborn infants admitted to one of the 37 neonatal units in Sweden. The register holds prospectively collected perinatal data, including therapeutic hypothermia. As the southernmost healthcare region in Sweden did not start entering data in the SNQ until 1 January 2011, the births in this region (n = 34 302) were excluded for the years 2009-2010.
Exposures
All exposure variables were obtained from the MBR. The main exposure was maternal habitus (weight and height Maternal habitus was categorized into only short (≤155 cm), only overweight (BMI ≥ 25 kg/m 2 ), and both short and overweight (≤155 cm and BMI ≥ 25 kg/m 2 ). Data on self-reported parity, previous cesarean delivery, height, cohabitation with the infant's father, smoking habits and infertility treatment were collected from the records of the first antenatal visit. Maternal age at delivery was calculated as date of delivery minus the mother's birth date, and categorized into ≤20, 21-34 or ≥35 years. The mother's country of birth was categorized as either Nordic (Denmark, Finland, Iceland, Norway and Sweden), or non-Nordic.
Women with hypothyroidism (E02-E07), chronic (O10, I10-I15) and gestational (O13, O16) hypertension, preeclampsia (O11, O14), eclampsia (O15), pregestational (O240-O243) and gestational (O244) diabetes mellitus were identified by diagnostic ICD-10 codes. For the purposes of our analysis, the hypertensive disorders variable included women with chronic or gestational hypertension, preeclampsia and/or eclampsia. Likewise, the diabetes mellitus variable considered women with pregestational or gestational diabetes mellitus.
Data on the onset (prelabor cesarean, spontaneous, or induced labor) and mode of delivery (prelabor cesarean, spontaneous vaginal, operative vaginal or emergency cesarean), fetal presentation, infant birthweight and sex were retrieved. Prelabor cesarean was defined as performed before onset of labor, and emergency cesarean as performed after onset of labor (spontaneous or by induction).
Gestational age was based on the early second-trimester ultrasound, which is offered to all pregnant women (and accepted by 95%); if this was missing, the date of the last menstrual period was used (20) , and categorized into 36, 37-40, 41 (late term), or ≥42 (post-term) weeks of gestation. Fetal presentation was categorized as follows: occiput anterior, occiput posterior, breech or other presentations. Infant birthweight was categorized into <3000, 3000-4000 and >4000 g.
Outcome
The outcome variable was retrieved from the SNQ register. The outcome was neonatal moderate to severe HIE, using therapeutic hypothermia as a surrogate variable. Infants with a gestational age ≥36 weeks of gestation who fulfill two criteria (from the A and B criteria groups) qualify for therapeutic hypothermia (5). Fulfilling A criteria requires at least one of the following: Apgar score ≤5 at 10 min, assisted ventilation initiated at birth and continued for at least 10 min, pH ≤ 7.0, or a base deficit ≥16 in either cord blood or in any postnatal blood sample taken within 1 h after birth. The B criterion is the presence of seizures or other signs of moderate to severe encephalopathy, defined as altered level of consciousness, tone and primitive reflexes.
Statistical analyses
Data are presented as numbers (n) and rates per 1000 live births. Risks were estimated by crude and adjusted odds ratios (OR and aOR, respectively) with 95% CI using logistic regression analysis. First, we estimated the crude OR of HIE by each maternal, pregnancy and infant characteristic. Thereafter, we adjusted ORs for the different maternal, pregnancy and infant characteristics for each other, based on associations in present data and in previous reports (1, 3, (6) (7) (8) (9) 21) . Adjustments were made for the following maternal characteristics: parity, maternal age, height, BMI, cohabitation, country of birth, smoking in early pregnancy, thyroid disease, infertility treatment, hypertensive disorders and diabetes mellitus. The following labor and infant characteristics were also adjusted for: onset of delivery (prelabor cesarean, spontaneous or induced labor), gestational age, fetal presentation, infant birthweight, sex, year and region of birth. Dichotomous (yes/no) and categorical variables, as described, were used in the model.
We also calculated the odds of HIE with decreasing height and with increasing BMI, using BMI and height as continuous variables in the model, adjusting for the dichotomous or categorical variables.
The ORs of HIE by maternal habitus (categorized into only short, only overweight, and both short and overweight) were calculated, using women with non-short and normal weight as the reference. Then we adjusted for the same covariates listed above, in two models: maternal characteristics (Model 1) and labor and infant characteristics (Model 2). The potential interaction between maternal height and BMI was assessed by introducing cross-product terms with the categorical variables in the multivariate models.
As operative deliveries could have been actions taken because of suspected fetal distress, we chose to stratify our analyses by mode of delivery instead of including the covariate in the analyses. We calculated OR for HIE by maternal habitus, stratified by mode of delivery and adjusted for the same covariates as above (Models 1 and 2).
Finally, we calculated OR for HIE by maternal habitus stratified by parity, using the same covariates for adjustment. Parity was dichotomized into nulliparous and parous. The potential interaction between previous cesarean and maternal habitus in parous women was assessed by introducing the cross-product terms with the categorical variables in the multivariate models.
A p-value of <0.05 was considered statistically significant. No imputation for missing data was performed. For statistical analyses, the IBM Statistical Package for Social Sciences for Windows version 24.0 (SPSS, Inc., Chicago, IL, USA) was used.
Ethical approval
The study was approved by the Regional Ethical Review Board in Uppsala, Sweden (6 May 2015, reference number 2015/156).
Results
In total, 692 428 women gave birth to a live-born infant at or beyond 36 weeks of gestation during our study period. Of these, 464 infants were diagnosed with moderate to severe HIE and received hypothermia treatment. Hence, the incidence of HIE was 0.67 per 1000 live infants. Table 1 displays maternal characteristics of the cohort. Nulliparity, previous cesarean delivery, short stature and high BMI were associated with an increased risk of HIE. In the population, 32 886 (5%) women were categorized as short (≤155 cm) and 253 226 (37%) as overweight or obese (BMI ≥ 25 kg/m 2 ). Compared with the reference groups, women with short stature (≤155 cm) had a 62% increased risk of having an infant with HIE and women with obesity (BMI ≥ 30 kg/m 2 ) had a two-fold risk increase.
We found a dose-response association between HIE and decreasing maternal height, as well as between HIE and increasing BMI. The odds of HIE decreased by 4.7% (95% CI 3.0-6.5%) per cm of increased maternal height and increased by 5.2% (95% CI 3.1-7.4%) per BMI unit (not shown in the table).
Infant risk factors for HIE are displayed in Table 2 . A gestational age of 36 weeks, late and postterm delivery, fetal presentations of occiput posterior or other, and birthweight >4000 g were all associated with HIE.
The associations between HIE and maternal habitus are outlined in Table 3 . After adjusting for potential confounders, overweight women (BMI ≥ 25 kg/m 2 ) had an increased risk of having an infant with HIE (aOR 1.88; 95% CI 1.48-2.40), as did women who were both short (<155 cm) and overweight (BMI ≥ 25 kg/m 2 ) (aOR 2.83; 95% CI 1.62-4.92) compared with the reference (≥156 cm and BMI < 25 kg/m 2 ). There was no significant interaction between maternal height and BMI (p = 0.90). Table 4 displays the associations between HIE and maternal habitus, stratified by mode of delivery. The proportion of infants with HIE was highest in operative vaginal deliveries, especially in the both short and overweight women. The association between short and overweight status and HIE remained in the vaginal deliveries, with a threefold increased risk in operative vaginal (aOR 3.15; 95% CI 1.20-8.26), and sixfold increased risk in spontaneous (aOR 5.91; 95% CI 2.21-15.83) deliveries. However, in infants delivered by cesarean section, there was no association between short and overweight maternal status and HIE.
When stratified by parity, the proportion of infants with HIE was higher in those with nulliparous mothers in all categories of maternal habitus (0.64-1.28&) except short and overweight, where the proportion was higher among those with parous mothers (1.84&). There was a difference of proportions between nulliparous and parous women who were non-short with normal weight with respect to non-short with overweight (p < 0.001 for both).
There was an association between maternal overweight and HIE in infants born to both nulliparous and parous women. In infants born to parous women who were both short and overweight, the aOR of HIE was 4.49, with a 95% CI of 2.17-9.27 (see Supporting Information, Tables S1 and S2). Concerning the risk of HIE, there was no interaction between previous cesarean and maternal habitus in infants born to parous women (p = 0.78).
Discussion
This large, population-based cohort study demonstrates a dose-response relation between increasing BMI and risk of HIE, as well as between decreasing maternal height and risk of HIE. Further, the study indicates that a combination of short maternal stature and overweight increased by threefold the risk of having an infant with moderate to severe HIE, compared with women with non-short stature and normal weight. Other antenatal factors associated with HIE included nulliparity, previous cesarean delivery, gestational age, occiput posterior presentation and birthweight.
A strength of the present study is the large number of births included in this national cohort, which allowed for analyses adjusted for several potential confounders, as well as for stratification of data, despite the low incidence of the outcome. The population-based character of the study and prospective data collection limit the risk of selection and information bias. The MBR is well validated and contained approximately 98% of all births in Sweden during the study period (19, 22) . To date, there are no published systematic validations of the SNQ registry. However, the registry covers all neonatal units in Sweden, all data are prospectively collected using standardized forms, and data entry is monitored (23) . Our choice of outcome measure enabled analyses of moderate to severe HIE cases specifically. In this respect, we believe that the use of therapeutic hypothermia as a surrogate for HIE enables accurate identification of this relatively rare clinical entity.
A limitation of our investigation is that we relied on self-reported height, and overweight women might tend to slightly over-report their height, leading to misclassification bias (24) . However, BMI was calculated from measured weight. Considering that we found an increased risk of the outcome, the true risk would most likely be even greater. We did not adjust for mode of delivery, reasoning that instrumental deliveries could represent actions taken following suspicion of fetal distress, leading to confounding by indication. However, we stratified by mode of delivery. Another weakness is that the external validity might be limited to facilities with similar socioeconomic and demographic characteristics, and to healthcare systems of comparable standard.
Our finding of an association between high BMI and HIE fits well with a previous report (6) . In that study, a BMI ≥ 40 kg/m 2 was associated with an increased risk of HIE. We also found an increased risk at lower BMIs. Adjusted for parity, maternal age, height, early pregnancy body mass index (BMI), cohabitation, mother's country of birth, smoking in early pregnancy, thyroid disease, infertility treatment, hypertensive disorders, diabetes during pregnancy, onset of delivery, gestational age, fetal presentation, infant birthweight, sex, year, and region of birth.
b All other presentations. Model 2 is adjusted as model 1 and additionally for onset of delivery, gestational age, fetal presentation, infant birthweight, sex, year and region of birth. Table 4 . Risk of moderate to severe hypoxic ischemic encephalopathy (HIE) by maternal height and body mass index, stratified by mode of delivery.
Prelabor cesarean section Several studies have demonstrated that maternal obesity is a risk factor for neonatal asphyxia, cerebral palsy and asphyxia-related mortality (6, 11, 13) . Adverse neonatal outcomes associated with maternal overweight are multifactorial, and a relation to pregnancy complications, as well as to difficulties in labor, has been demonstrated (10, 12, 25) . Few studies have assessed maternal height as a risk factor for adverse neonatal outcomes. In two small case-control studies from Scandinavia, short stature was associated with intrauterine asphyxia and low Apgar score (<8 at 5 min), particularly in vaginally born infants (15, 17) . A population-based study on 159 210 births found an association between short stature (<155 cm) and Apgar <7 at 1 min, but not at 5 min (26) . However, that study did not adjust for important confounders such as parity, socioeconomic status, age or BMI (15) . In our analysis, the association between short stature and HIE persisted after we adjusted for covariates. The effect of short stature on infant outcome has been attributed to its relation to cephalopelvic disproportion, leading to obstructed labor (16, 26, 27) . Obstructed labor is a risk factor for adverse neonatal outcomes such as infection, low Apgar scores, birth asphyxia and meconium aspiration (28, 29) . In parallel, we found that being tall (>172 cm) was associated with a considerably reduced risk (44%) of subsequent HIE.
To the best of our knowledge, there are no previous reports of an association between the combination of short and overweight maternal habitus and the risk of neonatal HIE. We found that the OR was markedly higher among infants born to women who were both short and overweight than for those born to women with either short stature or overweight alone. However, overlapping confidence intervals between groups indicate some uncertainty. When we stratified for parity, maternal overweight was associated with HIE in infants born to both nulliparous and parous women, whereas the combination of maternal short stature and maternal overweight had an impact only among infants born to parous women. Labor has often been considered uncomplicated in parous women. However, based on our data, we would argue that parous women might in fact have a risk of giving birth to an infant with HIE. Cephalopelvic disproportion and labor dystocia, as well as incautious use of oxytocin due to protracted labor, might prevail in such situations. To some extent, this finding is supported by our stratified analysis on mode of delivery, where the association with HIE among infants born to women who are both short and overweight was stronger for spontaneous and operative vaginal deliveries. Furthermore, infants born to short and overweight women and delivered by cesarean section had no risk of HIE.
In line with previous studies, nulliparity was associated with HIE in our population (3, 6, 9) . In contrast to previous studies (1,6,7), we found no association with maternal thyroid disease, infertility treatment, diabetes mellitus or history of seizures. Incidence and risk factors for HIE may vary among populations and over time (1) . Free access to health surveillance and care in pregnancy may positively impact maternal morbidity and neonatal outcomes, potentially explaining the differences in associations in our study compared with other populations. The differences could also be attributable to a diversity of methods of identifying HIE or to different study designs (1, 3, (7) (8) (9) 17, 21) . It is clearly a challenge to correctly distinguish HIE from other entities of neonatal encephalopathy, and from seizures alone. These conditions have often been used interchangeably in previous studies (1, (7) (8) (9) , limiting their generalizability.
Clinicians must make the important choice of mode of delivery after appropriate risk assessment given the information available. In general, vaginal delivery is considered safer than cesarean, both in the short and long term (30) . Our results indicate that, in women who are both short and overweight, the effort required to accomplish a vaginal delivery needs to be carefully considered, also in parous women. However, given the high prevalence of overweight in the pregnant population and the low absolute risk of HIE, primary cesarean is not warranted.
We conclude that the combined risk of maternal short stature and overweight for moderate to severe HIE might be considerably higher than being short or overweight alone. Although, in absolute terms, few infants with HIE have mothers who are both short and overweight, the severity of the outcome warrants meticulous intrapartum management, with attention to mode of delivery in the risk group. Prevention of overweight in the pregnant population could be expected to positively impact neonatal outcome, particularly in short women.
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